Introduction {#Sec1}
============

Massive coloured particles decaying into quarks and gluons are predicted in several extensions of the Standard Model (SM). At hadron colliders, the search for new phenomena in fully hadronic final states, without missing transverse momentum, is experimentally challenging due to the very large SM multijet production cross-section. This paper describes a search for pair-produced particles each decaying into two jets using 36.7 fb$\documentclass[12pt]{minimal}
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Supersymmetry (SUSY) \[[@CR1]--[@CR7]\] is a generalisation of the Poincaré symmetry group that relates fermionic and bosonic degrees of freedom. In the generic superpotential, Yukawa couplings can lead to baryon- and lepton-number violation:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$ which is a dimensional mass parameter. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda ''$$\end{document}$ couplings are antisymmetric in the exchange of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i\rightarrow j$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$j\rightarrow k$$\end{document}$, respectively. While these terms in many scenarios are removed by imposing an additional $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z_2$$\end{document}$ symmetry (*R*-parity) \[[@CR8]\], the possibility that at least some of these *R*-parity-violating (RPV) couplings are not zero is not ruled out experimentally \[[@CR9], [@CR10]\]. This family of models leads to unique collider signatures which can escape conventional searches for *R*-parity-conserving SUSY.

Naturalness arguments \[[@CR11], [@CR12]\] suggest that higgsinos and top squarks[1](#Fn1){ref-type="fn"} (stops) should be light, with masses below a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {TeV}$$\end{document}$ \[[@CR13], [@CR14]\]. Third-generation squarks in *R*-parity-conserving scenarios, and top squarks in particular, have been the subject of a thorough programme of searches at the LHC \[[@CR15]--[@CR22]\].

If the top squark decays through RPV couplings, however, the existing bounds on its mass can be significantly relaxed \[[@CR23]--[@CR26]\]. Indirect experimental constraints \[[@CR27]\] on the sizes of each of the $\documentclass[12pt]{minimal}
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This search targets a model where the top squark is the lightest supersymmetric particle and decays through baryon-number-violating RPV $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda ''$$\end{document}$ couplings, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{t}\rightarrow \bar{q}_j\bar{q}_k$$\end{document}$. The couplings are assumed to be sufficiently large for the decays to be prompt, but small enough to neglect the single-top-squark resonant production through RPV couplings. Top squarks are then produced through strong interactions with cross-sections that do not depend on the specific assumptions in the SUSY model. For two specific choices of couplings, the process considered is schematically depicted in Fig. [1](#Fig1){ref-type="fig"}.

In models with extended SUSY, colour-octet states can arise as scalar partners of a Dirac gluino \[[@CR28]--[@CR31]\]. These scalar gluons (or sgluons) are mostly produced in pairs, and decay into two quarks or two gluons.

Massive colour octet-resonances, generically referred to as colorons ($\documentclass[12pt]{minimal}
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                \begin{document}$$\rho $$\end{document}$) \[[@CR32], [@CR33]\] are predicted in a wide range of other theories, including axigluon \[[@CR34], [@CR35]\] and topcolor \[[@CR36]\], in vector-like confinement models \[[@CR37], [@CR38]\] and as Kaluza--Klein excitations of the gluons \[[@CR39], [@CR40]\]. Colorons can be pair-produced and decay into two jets, a scenario which leads to a four-jet final state.

Constraints on top squarks decaying through $\documentclass[12pt]{minimal}
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ATLAS detector {#Sec2}
==============

The ATLAS detector \[[@CR47]\] is a multi-purpose particle physics detector with a forward-backward symmetric cylindrical geometry and nearly $\documentclass[12pt]{minimal}
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Data sample {#Sec3}
===========

The data used in this analysis were collected by the ATLAS detector in *pp* collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ at the LHC using a minimum proton bunch crossing interval of 25 ns during 2015 and 2016. In this dataset the mean number of *pp* interactions per proton bunch crossing is about 23. Events were recorded using a four-jet trigger with transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$\pm 3.4\%$$\end{document}$ for the 2016 data. The uncertainty in the integrated luminosity is obtained from a calibration of the luminosity scale using a pair of beam-separation scans performed in August 2015 and June 2016, following a methodology similar to that detailed in Ref. \[[@CR51]\].

Simulated samples {#Sec4}
=================

The dominant background from SM multijet production is estimated with a data-driven technique, while Monte Carlo (MC) simulated events are used to estimate the contribution of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ background, to model the signals and to establish and validate the background estimation method.

The response of the detector was simulated \[[@CR52]\] using either a GEANT4 simulation \[[@CR53]\] or a fast parameterised simulation \[[@CR54]\] of the calorimeter response and GEANT4 for everything else. To account for additional *pp* interactions in the same and nearby bunch crossings (pile-up), a set of minimum-bias interactions was generated using [Pythia]{.smallcaps} 8.186 \[[@CR55]\] with the A2 set of parameters (tune) \[[@CR56]\] and the MSTW2008LO \[[@CR57], [@CR58]\] parton distribution function (PDF) set and was superimposed on the hard scattering events. The EvtGen v1.2.0 program \[[@CR59]\] was used to simulate properties of bottom and charm hadron decays for all samples. Corrections were applied to the simulated events to account for differences between data and simulation for the efficiency of identifying jets originating from the fragmentation of *b*-quarks, together with the probability for mistagging light-flavour and charm-quark jets.

Background samples of multijet production were simulated with $\documentclass[12pt]{minimal}
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                \begin{document}$$2\rightarrow 2$$\end{document}$ matrix elements (ME) at leading order (LO) using the [Pythia]{.smallcaps} 8.186 event generator. The renormalisation and factorisation scales were set to the average $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ of the two leading jets. The ATLAS A14 tune \[[@CR60]\] of parton shower and multiple parton interaction parameters was used together with the NNPDF23LO PDF set \[[@CR61]\].

Top-pair production events were simulated using the [Powheg-Box]{.smallcaps} v2 \[[@CR62]\] generator with the CT10 PDF set. The top mass was set to 172.5 $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{\mathrm {damp}}$$\end{document}$ parameter, which regulates the transverse momentum of the first extra gluon emission beyond the Born configuration (and thus controls the transverse momentum of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system), was set to the mass of the top quark. The parton shower, hadronisation, and underlying event were simulated using [Pythia]{.smallcaps} 6.428 \[[@CR63]\] with the CTEQ6L1 PDF set and the corresponding Perugia 2012 tune (P2012) \[[@CR64]\]. The sample was normalised using the next-to-next-to-leading-order (NNLO) cross-section including the resummation of soft gluon emission at next-to-next-to-logarithmic (NNLL) accuracy using Top++2.0 \[[@CR65]\].

The search considers three benchmark signals: the pair production of top squarks, colorons and sgluons with decays into two jets for each resonance.

Signal samples were generated using [MG5]{.smallcaps}\_a[MC\@NLO]{.smallcaps} \[[@CR66]\] v2.2.3 interfaced to [Pythia]{.smallcaps} 8.186 with the A14 tune for the modelling of the parton shower, hadronisation and underlying event. The ME calculation was performed at leading order and, for the top squark signal, includes the emission of up to two additional partons. The merging with the parton shower was done using the CKKW-L \[[@CR67]\] prescription, with a merging scale set to one quarter of the pair-produced resonance mass. The PDF set used for the generation is NNPDF23LO. For the top squark signal generation all the non-SM particle masses were set to 5 $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{t}}$$\end{document}$) itself. The top squark was decayed in [Pythia]{.smallcaps} 8 assuming a 100% branching ratio into $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{b}\bar{s}$$\end{document}$. Its width is expected to be small, and negligible with respect to the detector resolution. This set of samples is also used to interpret the analysis for the case where both top squarks decay into light quarks, since the analysis is not sensitive to the flavour content of the jets. The top squark pair-production cross-sections were calculated at next-to-leading order (NLO) in the strong coupling constant, adding the resummation of soft gluon emission at next-to-leading-logarithmic accuracy \[[@CR68]--[@CR70]\]. The nominal cross-section and its uncertainty were taken from an envelope of cross-section predictions using different PDF sets and factorisation and renormalisation scales, as described in Ref. \[[@CR71]\]. The coloron samples were generated with the model described in Ref. \[[@CR72]\], where the couplings of the vector colour octet to all particles except light quarks were set to zero. The LO cross-sections from the event generator were used. The coloron samples are also used to interpret the result in the context of sgluon pair-production, where they are scaled to the sgluon cross-section computed at NLO with [MG5]{.smallcaps}\_a[MC\@NLO]{.smallcaps} \[[@CR73], [@CR74]\]. The sgluons are assumed to decay into two gluons, which in this analysis are not distinguished from quark-initiated jets.

Event reconstruction {#Sec5}
====================

Candidate jets are reconstructed from three-dimensional topological energy clusters \[[@CR75]\] in the calorimeter using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$ jet algorithm \[[@CR76]\], as implemented in the FastJet package \[[@CR77]\], with a radius parameter of 0.4. Each topological cluster is calibrated to the electromagnetic energy scale prior to jet reconstruction. The reconstructed jets are then calibrated to the particle level by the application of a jet energy scale (JES) calibration derived from simulation and in situ corrections based on 13 $\documentclass[12pt]{minimal}
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Jets containing *b*-hadrons (*b*-jets) are tagged by a multivariate algorithm (MV2c10) using information about the impact parameters of inner detector tracks associated with the jet, the presence of displaced secondary vertices, and the reconstructed flight paths of *b*- and *c*-hadrons inside the jet \[[@CR82]\]. A working point with a 77% efficiency, as determined in a simulated sample of $\documentclass[12pt]{minimal}
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Event selection {#Sec6}
===============

Each event is required to have a reconstructed primary vertex with at least two associated tracks with $\documentclass[12pt]{minimal}
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The final state under consideration consists of four jets forming two pairs originating from a pair of equal-mass resonances. After the trigger requirement, only events with at least four reconstructed jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} > 120$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 2.4$$\end{document}$ are retained in the analysis.

The analysis strategy exploits the case where the resonances are produced with a significant transverse momentum. As a result the decay products are expected to be close to each other. Taking advantage of this property, candidate resonances are constructed by pairing the four leading jets in the event. Two jet pairs are identified by the following quantity:$$\documentclass[12pt]{minimal}
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The above criteria define the analysis preselection. Additional requirements are applied to further enhance the signal purity. These are based on four discriminating variables established from simulation studies and previous ATLAS searches \[[@CR38], [@CR43], [@CR44]\].

To reduce the non-resonant multijet background, for which the pairing efficiency is expected to be poor, a quality criterion is applied to the pairing metric. Resonances with higher masses are produced with a lower boost, and their decay products are less collimated. To compensate for the larger (smaller) angular separation between the jets at high (low) mass this requirement is made dependent on the average reconstructed mass of the two resonance candidates in the event, $\documentclass[12pt]{minimal}
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Since the two reconstructed resonances are expected to have equal mass, their mass difference is a powerful discriminant between signal and background. The mass asymmetry ($\documentclass[12pt]{minimal}
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Background estimation {#Sec7}
=====================

The dominant background from multijet production is estimated directly from data, with a method that predicts both the normalisation and the shape of the $\documentclass[12pt]{minimal}
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For the *b*-tagged selection, where the background is relatively small, the signal contamination in region $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\text {avg}}$$\end{document}$ spectrum in the inclusive (left) and *b*-tagged (right) validation regions. The data (black points) are compared to the total background prediction (red line) estimated with the data-driven method. The fraction of background coming from top-pair production is shown in orange. The statistical uncertainties of the prediction are shown by the grey hatched band

The observed number of events in each of the regions used in the background estimate before the mass window requirements are applied, together with the expected signal contamination in few representative mass windows, are shown for both the inclusive and *b*-tagged selections in Table [2](#Tab2){ref-type="table"}. The $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec8}
========================

While the multijet background uncertainties pertain primarily to the estimation method itself, the top background and the signals are also affected by uncertainties related to the description of detector effects and to the physics modelling of the MC simulation.

The dominant detector-related systematic effects are due to the uncertainties in the jet energy scale \[[@CR80]\] and resolution \[[@CR86]\] and from the *b*-tagging efficiency and mistag rate \[[@CR83]\].

Since MC simulation is used to determine the contribution from top events in the *b*-tagged signal region, systematic uncertainties related to the choice of MC generator for the process need to be estimated. These are evaluated by comparing the nominal samples to additional samples with systematic variations. A modelling uncertainty is derived by comparing the predictions of the nominal sample with a sample produced with [Powheg]{.smallcaps} interfaced with [Herwig++]{.smallcaps} 2.7.1, or with [MG5]{.smallcaps}\_a[MC\@NLO]{.smallcaps} interfaced with [Herwig++]{.smallcaps}. In addition, the difference in the prediction obtained by modifying the parton-shower intensity and the $\documentclass[12pt]{minimal}
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The total detector-related uncertainties in the signal are about 10% for the inclusive SR and about 15% for the two-*b*-tagged SR. For top squark production the nominal signal cross-sections and their uncertainties are taken from an envelope of cross-section predictions derived using different PDF sets and different factorisation and renormalisation scales, as described in Ref. \[[@CR71]\]. The theoretical uncertainties in the acceptance of the signal simulation include variations of the renormalisation and factorisation scales, the CKKW-L merging scales, and the value of the strong coupling constant in [MG5]{.smallcaps}\_a[MC\@NLO]{.smallcaps} as well as parton shower uncertainties in [Pythia]{.smallcaps} 8 evaluated from variations of the A14 parameter set. After normalising the samples using the same cross-section, the difference between the yields from the nominal and varied samples in the mass window, which is typically below 1%, is considered as an uncertainty.

Results and interpretation {#Sec9}
==========================

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\text {avg}}$$\end{document}$ distributions in the inclusive and *b*-tagged signal regions are shown in Fig. [8](#Fig8){ref-type="fig"}. Agreement is observed between data and the expected background. The expected numbers of background and signal events in the SR and their uncertainties are reported for the mass windows defined for top squark and coloron signals in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}, respectively, together with the observed events in data. Table [5](#Tab5){ref-type="table"} presents the numbers in the top squark mass windows of the two-*b*-tagged signal region.

To estimate the compatibility of the data with a generic resonance mass hypothesis, the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\text {avg}}$$\end{document}$ spectrum in the inclusive (left) and *b*-tagged (right) signal regions. The data (black points) are compared to the total background prediction (red line) estimated with the data-driven method. The fraction of background coming from top-pair production is shown in orange. The statistical uncertainties of the prediction are shown by the grey hatched band. Signals of different masses are overlaid in different colours

In the absence of a statistically significant excess in data, exclusion limits are derived for the investigated signal models. The inclusive signal region is used to set a limit on top squark, sgluon and coloron production with decays into a pair of jets, while the *b*-tagged signal region is used to interpret the search for top squark pair production with decays into a *b*- and a light-quark jet. A profile likelihood ratio combining Poisson probabilities for signal and background is computed to determine the 95% CL interval for compatibility of the data with the signal-plus-background hypothesis ($\documentclass[12pt]{minimal}
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Conclusion {#Sec10}
==========

A search is presented for the pair production of coloured resonances, each decaying into two jets. The analysis uses 36.7 fb$\documentclass[12pt]{minimal}
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The superpartners of the left- and right-handed top quarks, $\documentclass[12pt]{minimal}
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